The cortex of Magnolia officinalis has long been used as an element of traditional Chinese medicine for the treatment of anxiety, chronic bronchitis, and gastrointestinal dysfunction. This study aimed to elucidate the underlying mechanism of its functional ingredients (magnolol and honokiol) in modifying the secretion and absorption homeostasis and protecting mucosal integrity in an Enterotoxigenic Escherichia coli (ETEC)-induced diarrhea mouse model.
Background
Enterotoxigenic Escherichia coli (ETEC) is an enteric pathogen that easily causes secretory diarrhea and death in animals and humans due to the activities of enterotoxins [1] . The enteric pathogen often induces programmed cell death or apoptosis in host cells and tissues to promote their survival and dissemination during infection [2, 3] . A prior study reported that ETEC infection rapidly induced the loss of plasma membrane asymmetry of porcine intestinal epithelial cells and reduced the cell metabolic activity via activating caspase 3, and camptothecininduced apoptosis in the epithelial cells promoted subsequent ETEC adherence [2] . Other studies have proven that enterotoxin can alter the intestinal tight junction and permeability [4] , causing break-down of the cytoskeleton [5] , resulting in severe villus atrophy and crypt hypoplasia inside the enterocytes [6] . The villus atrophy and crypt hypertrophy adversely alter the balance between absorptive and secretory cells, and the inflammatory response generates secretion-stimulating inflammatory mediators that worsen diarrhea, further inducing the apoptotic program that accompanies diseases such as gastritis, colitis, and cancer [7] .
Magnolia officinalis cortex (MOC) is a traditional Chinese medicine for symptomatic treatment of gastrointestinal disorders.
Magnolol and honokiol are the main bioactive compounds isolated from MOC, with a number of diverse pharmacological functions, including antioxidation [8] , anti-bacteria [9] , antiproliferation [10] , and anti-gastritic effects [11] . Magnolol and honokiol may regulate the serotonergic and gastroenteric systems [12] . In addition, it has been demonstrated that magnolol differentially regulates spontaneous gastrointestinal motility according to activation of the acetylcholine and 5-hydroxytryptamine receptors in the gastrointestinal tract [13] . O our previous work shows that magnolol and honokiol regulate the calciumactivated potassium channels to elevate the serum concentrations of Cl -and K + , which are mostly associated with attenuation of secretion and promotion of absorption in enterocytes of the small intestine to control diarrhea [14] . The intestinal development responds to digestion and absorption of various nutrients through the intestinal villus and crypt [15] . Therefore, we hypothesized that magnolol and honokiol play an important role in regulating gastroenterology disorders linked with the morphological structure of villus and crypt in intestinal mucosa of ETEC-induced diarrhea mice.
Material and Methods

Animals and experimental design
This study was carried out in strict accordance with the recommendations in the Animal Care and the Use Guidelines of the Institute of Subtropical Agriculture (ISA) of the Chinese Academy of Sciences. The protocol was approved by the Animal Care Committee on the Ethics of Animal Experiments of ISA (Permit Number: SYXK2015-0189).
The Chinese Kunming mouse strain (Mus musculus Km, KM), an outbreed mouse strain originating from the Swiss albino mouse, is widely used in pharmacology and genetics studies throughout China. It exhibits many advantages such as high disease resistance, large and frequent litters, and rapid growth rates. Our pre-experimental results show these mice are easily infected by ETEC, so we selected the Chinese Kunming mouse strain as a model mouse. We obtained 120 male Kunming mice 7 weeks old and weighing 25-27 g from the Hunan SLAC Laboratory Animal Company (Changsha, China). The animals were housed individually in a pathogen-free mouse colony (room temperature=22±2°C; relative humidity=45-60%, lighting cycle=12 h light and 12 h dark) with free access to food and water. A diarrhea mouse model was established according to previously described procedures [14] . Briefly, the mice were fasted for 6 h after feeding 3 days for acclimation, then randomly assigned into 12 groups: (1) normal control group (NC), (2) diarrhea model control group (MC), (3) positive drug control group (PC), (4) plant extract group 1, (5) plant extract group 2, (6) plant extract group 3, (7) plant extract group 4, (8) plant extract group 5, (9) plant extract group 6, (10) plant extract group 7, (11) plant extract group 8, and (12) plant extract group 9; details are shown in Table 1 . In MC, PC, and 9 plant extract-treated groups, mice received oral administration of 0.02 ml/g body weight (BW) of the prepared ETEC suspensions (3.29×10 9 CFU/ml). NC mice were administrated 0.02 ml/g BW sterile water. Three hours later, the diarrhea model was established according to previously described procedures [14] . After that, the NC and MC mice were administrated 500 mg/kg BW sterile water. The PC mice were orally gavaged with loperamide hydrochloride at a dosage of 3 mg/kg BW. The 9 plant extract-treated groups were administered magnolol or honokiol at the dosages of 100 (M100 or H100), 300 (M300 or H300), and 500 (M500 or H500) mg/kg BW according to a 3×3 factorial arrangement. All animals were killed by sodium pentobarbital anesthesia (50 mg/kg i.p.) after 5 h of every treatment.
Chemicals and reagents
Loperamide hydrochloride was purchased from Xi'an-Janssen Pharmaceutical Ltd. (Xi'an, China) and dissolved in a 2% Tween 80 solution (0.1875 mg/ml) for oral gavage administration. The ETEC strain O78: K80 suspensions were acquired from our previous study [14] . The ETEC suspensions were grown overnight from the frozen glycerol stocks at 180 rpm and 37°C for 12 h. The cell density of ETEC suspensions was 3.29×10 9 CFU/ml measured by ND-1000 uv-vis spectrophotometer (NanoDrop Ltd., TX).
Magnolol and honokiol were extracted from MOC and separated and purified according to the methods described in our previous experiment [14] . The purity of magnolol and honokiol was determined by high-performance liquid chromatography (HPLC) analysis (Fisher Chemical, Loughborough, UK) as follows: the column used in the present study was a Kromasil C18 column (4.6×200 mm I.D., 5 μm, Waters Thermo), the mobile phase composed of methanol-water (80: 20, v/v) was eluted at a flow-rate of 1.0 mLml/min and the UV detector was set at 294 nm, and the temperature was set at 40°C. The extracted magnolol and honokiol purity was above 98% and dissolved in a 2% Tween 80 solution for oral gavage administration.
Assessment on chemical biomarkers
The blood samples were centrifuged (3500×g for 10 min) to separate the serum, then stored at -80°C until analysis. The serum glucose (GLU) and D-lactic acid (DLA) concentration in the serum were analyzed using commercial kits (Beijing Leadman Biochemistry Co., Ltd., Beijing, China) in accordance with the manufacturer's instructions. The ileum tissue was immediately homogenized with cold 0.9% sterile saline on ice, then centrifuged at 3500×g for 15 min to get the resultant liquid supernatant. The serum diamine oxidase (DAO) concentration and the nitric oxide (NO) and induced nitric oxide synthase (iNOS) concentrations of homogenized solution were determined by the assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) colorimetrically with a UV 8500 II spectrophotometer (Thermo Electron Corporation, Rochester, NY, USA).
Quantitative real-time polymerase chain reaction (qRT-PCR) assay
Total RNA was isolated from the liquid nitrogen-frozen ileum tissue using TRIZOL regents (Invitrogen, USA) and cDNA was generated using the RevertAid™ First Strand cDNA Synthesis Kit from Fermentas (Fermentas Inc., Ontario, Canada), according to the manufacturer's instructions. Oligonucleotide primers according to the mouse gene sequence (http://www.ncbi. nlm.nih.gov/pubmed/) were designed for the genes in Table 2 using Primer 5 software (Premier Co., Canada). Then, qRT-PCR analyses were performed on the aliquots of the cDNA preparations with Power SYBR Green PCR Master Mix (Applied Biosystems Inc., Foster City, CA, USA) to quantitatively detect the mRNA expression of genes described in Table 2 All mice were infected by ETEC, and then were orally gavaged with loperamide hydrochloride 3 mg/kg BW Group 4 Plant extract group 1 All mice were infected by ETEC, and then were administered the magnolol 100 mg/kg BW and honokiol 100 mg/kg BW Group 5 Plant extract group 2 All mice were infected by ETEC, and then were administered the magnolol 100 mg/kg BW and honokiol 300 mg/kg BW Group 6 Plant extract group 3 All mice were infected by ETEC, and then were administered the magnolol 100 mg/kg BW and honokiol 500 mg/kg BW Group 7 Plant extract group 4 All mice were infected by ETEC, and then were administered the magnolol 300 mg/kg BW and honokiol 100 mg/kg BW Group 8 Plant extract group 5 All mice were infected by ETEC, and then were administered the magnolol 300 mg/kg BW and honokiol 300 mg/kg BW Group 9 Plant extract group 6 All mice were infected by ETEC, and then were administered the magnolol 300 mg/kg BW and honokiol 500 mg/kg BW Group 10 Plant extract group 7 All mice were infected by ETEC, and then were administered the magnolol 500 mg/kg BW and honokiol 100 mg/kg BW Group 11 Plant extract group 8 All mice were infected by ETEC, and then were administered the magnolol 500 mg/kg BW and honokiol 300 mg/kg BW Group 12 Plant extract group 9 All mice were infected by ETEC, and then were administered the magnolol 500 mg/kg BW and honokiol 500 mg/kg BW . In the current experiment, -DDCT=-(DCT experiment group-DCT control group) and DCT=CT samples-CT b-actin.
Histological evaluation
At 5 h after administration of magnolol and honokiol, the mice were killed by sodium pentobarbital anesthesia. The ileum segments from 5 animals/group were removed for histopathological analysis and fixed overnight in 4% buffered paraformaldehyde at 4°C. Then, the sections were rinsed in water, dehydrated by immersion in increasing ethanol concentrations (75%, 85%, 95%, 100%), cleared in benzene, and saturated and embedded with paraffin. After a routine process including fixation, dehydration, hyalinization, and paraffin embedding, the ileum segments were sectioned at 5-μm thickness (10 slices per sample) and placed on slides. The slides were dewaxed, hydrated, and then stained with hematoxylin and eosin and viewed under a light Olympus BH-2 microscope (Olympus BH-2, Olympus, Tokyo, Japan). The lengths of 30 villi were measured by the distance in μm from the crypt neck to the villus tip, and the depths of 30 crypts were determined using the Image C picture analysis system (Intronic GmbH, Berlin, Germany). The goblet cells numbers in each 30 oriented villi were counted and coupled to the Image C picture analysis system (Intronic GmbH, Berlin, Germany).
Terminal deoxynucleotidyl transferase mediated dUTP nick-end labeling (TUNEL) assay
The ileum sections were obtained as described above. The TUNEL staining was performed to detect the apoptotic cells using the In Situ Cell Death Detection Kit (Nanjing KeyGEN Biotech. Co., Ltd., Nanjing, Jiangsu, China) according to the manufacturer's instruction. Images of TUNEL staining were made using an Olympus BH-2 microscope (Beckman Coulter, Inc., CA, USA). Apoptosis was quantified by analysis of the integrated average optical density of TUNEL staining images.
Statistical analyses
Data, not including MC, PC, and NC groups, were statistically analyzed using the procedures of SAS (8.2) software (2000; SAS Inc., Cary, NC, USA). The model included the fixed effects of magnolol, honokiol, and magnolol × honokiol with the animal as the random effect. All data (including MC, PC, and NC groups) were subsequently examined to compare the treatment differences by using the General Linear Models procedure of SAS (8.2) , and the statistical model only included the fixed effects of treatments. Least-squares means were reported throughout, and differences at P<0.05 were considered statistically significant.
Results
The purity of magnolol and honokiol used in this study was 98% as determined by HPLC. Table 3 shows that magnolol administration affected (P<0.05) the levels of iNOS, DAO, and DLA in a dose-dependent manner, while honokiol administration affected (P<0.05) the concentrations of NO and GLU and the activity of iNOS. There were interactive effects of magnolol and honokiol on the generation of NO and DLA (P<0.001), and iNOS and GLU (P<0.05). Compared with the NC group, intraperitoneal administration of ETEC increased (P<0.05) the To further understand the molecular mechanism by which magnolol and honokiol block various inflammatory processes induced by ETEC, the mRNA expression of iNOS, TNF-a, IFN-g, IL-6, and IL-10 in the ileal tissues of mice were investigated (Table 4 ). The magnolol administration influenced the mRNA expression of IFN-g and IL-10 (P<0.001), and iNOS and IL-6 (P<0.05) in a dose-dependent manner. The honokiol administration had significant effects on the mRNA expression of TNF-a (P=0.009) and IL-10 (P<0.001) in a dose-dependent manner. There were interactive effects (P<0.05) of magnolol and honokiol on the mRNA expression of iNOS, IFN-g, IL-10 TNF-a, and IL-6. When compared with NC, intraperitoneal Table 4 . Effects of oral magnolol and honokiol administration on the mRNA expression of nitric oxide synthases and inflammatory cytokines in mice (n=10).
administration of ETEC increased (P<0.05) the mRNA expression of IFN-g and IL-10. Administration with loperamide hydrochloride had an inhibitory effect on inflammation in comparison with the MC group. When compared with the MC group, the mRNA expression of IFN-g and IL-10 was markedly inhibited (P<0.05) by magnolol and honokiol administration at the doses of 300 and 500 mg/kg BW. Meanwhile, administration with magnolol or honokiol suppressed the mRNA expression of iNOS, TNF-a, and IL-6.
The effects of magnolol and honokiol on the ileal morphology in ETEC-induced mice are presented in Figure 1 and Table 5 . After statistical analysis (showed in Table 4 ), the honokiol administration affected (P<0.05) the villus height and the ratio of villus height to crypt depth in a dose-dependent manner. When compared with the NC group, intraperitoneal administration of ETEC decreased (P<0.05) the ileum villus height and crypt depth. The goblet cell numbers and ratio of villus height to crypt depth were reduced (P<0.05) in the PC group compared with the MC group. When compared with the MC group, all doses of magnolol and honokiol administration decreased (P<0.05) the goblet cell numbers and ratio of villus height to crypt depth, but 300 mg honokiol/kg BW administration did not affect (P>0.05) the ratio of villus height to crypt depth. We found that 300 mg magnolol, or 100 and 300 mg honokiol/kg BW administration elongated (P<0.05) the crypt depth compared with the MC group. Figure 2A shows no remarkable apoptosis sign except for the death of some program cell of the ileum in normal control group mice. Figure 2B shows the chromatin of intestinal epithelial cells was deeply stained and fragmented, and their nuclei were marginated in the ileum of ETEC-induced mice, which was different from the NC group. Figure 2C shows the chromatin of intestinal epithelial cells was slightly stained compared with that in the MC group ( Figure 2B ). The chromatin of intestinal epithelial cells was also slightly stained in Figure 2D Shows the appearance of 100 mg magnolol/kg BW (M100) ×100 mg honokiol/kg BW (H100) administration, M100×H300, M100×H500, M300×H100, M300×H300, M300×H500, M500×H100, M500×H300, and M500×H500 treated ETEC-induced mice.
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in comparison with the MC group. Statistical analysis (Table 6) showed that magnolol administration affected (P<0.05) the average optical density. When compared with the NC group, intraperitoneal administration of ETEC significantly increased the average optical density. Administration with loperamide hydrochloride reduced (P<0.05) the average optical density Shows the apoptosis appearance of magnolol and honokiol administration at 100 mg/kg BW (M100) ×100 mg/kg BW (H100), M100×H300, M100×H500, M300×H100, M300×H300, M300×H500, M500×H100, M500×H300, and M500×H500 treated ETECinduced mice. Table 5 . Effects of oral magnolol and honokiol administration on the morphology of ileal in mice (n=5).
* VH -Villus height; CD -Crypt depth; GC -Goblet cell; VH/CD -ratio of Villus height to Crypt depth; ** In a row, the mean values with different letters (a-c) differ (P<0.05). NC -normal control; MC -diarrhea model control; PC -positive drug control; M -magnolol administration at the doses of 100, 300, and 500 mg/kg BW; H -Honokiol administration at the doses of 100, 300, and 500 mg/kg BW. # Standard error of least squares means.
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compared with the MC group. When compared with the MC group, magnolol and honokiol administration did not significantly affect (P>0.05) the average optical density.
Discussion
In this study, we focused on the comparison of the MC group and magnolol and honokiol treatments while using NC as a reference. Here, we tried to elucidate the mechanism of magnolol and honokiol in modifying ETEC-induced disruption in ileum intestinal mucosa.
Bacterial pathogens have been reported to invade the intestinal epithelium, reduce cell metabolic activity, and stimulate iNOS over-expression to elevate NO level in diarrhea mice associated with inflamed mucosa [16] , which was in agreement with the present results. The significance of NO release is to promote electrolyte (or water) secretion in the ileum of pathological diarrhea mice [16] . In the present study, the magnolol and honokiol administration significantly decreased the NO concentration and iNOS activity, which partly supports the results of previous reports [17, 18] . DAO activity and DLA level in serum are useful biomarkers for evaluating the integrity of the gastrointestinal tract and histologic injury [19, 20] . In present study, we demonstrated that intraperitoneal administration of ETEC disrupts intestinal function to produce more DAO and DLA in the damaged intestinal mucosal of diarrhea mice, while magnolol and honokiol reduce serum DAO activity and DLA level (Table 2) to protect against mucosal injury. It is thus obvious that magnolol and honokiol have stronger protective effects on intestinal mucosal than that of loperamide hydrochloride.
Secretory diarrhea is a common symptom associated with inflammation of the intestinal mucosa [21] . The data ( Table 3) obviously demonstrated that intraperitoneal administration of ETEC promoted the inflammatory process, and we confirmed that severe damage to the intestinal mucosa occurs after ETEC treatment in the ileum of mice. The magnolol and honokiol administration showed a general tendency to inhibit inflammatory markers iNOS, TNF-a, IFN-g, IL-6, and IL-10, which is partly in agreement with the findings of previous reports [22, 23] . Furthermore, the regulation effects of magnolol and honokiol on inflammation were similar to those of loperamide hydrochloride with the mRNA expression of inflammatory cytokines (iNOS, TNF-a, IFN-g, IL-6, and IL-10) in MC, PC, and magnolol or honokiol treatment.
The morphology of intestinal mucosa, especially the structure of villus and crypt, is one of the most important indicators of the digestive and absorptive capacity of the small intestine [24] . In the present study, the intestinal injury was evidenced by atrophy of the intestinal villi, reduction of the crypt depth, and decreased numbers of goblet cells in ETEC-induced diarrhea mice, which was supported by previous studies [6, 7] . The apoptosis induced by ETEC infection and heat-labile enterotoxin has been observed [25, 26] , which was partly in agreement with the present results. The villus and crypts affect absorption and secretion, respectively, and the goblet cells located in both regulate the mucus secretion to keep the balance between electrolytes and water in the intestines [27] . Through comparing with ETEC-induced diarrhea mice, we showed that magnolol and honokiol elongated the villus height and crypt depth. A possible explanation is that the elongation of villus height and crypt depth increased absorption capacity to develop intestine morphology, which, based on the elongation of villus height and crypt depth, improve mitotic activity to promote the epithelial cell proliferation to inhibit apoptosis and preserve the integrity of the human epithelial mucosa after bacterial invasion [3] . Intriguingly, the goblet cells depletion and the decreased ratio of villus height to crypt depth induced by magnolol and honokiol may reduce the secretion capacity to downregulate the inflammatory cytokines and delay the apoptosis process [28, 29] . These results verify our findings that magnolol and honokiol enhanced the anti-inflammatory function to promote the intestinal barrier and regulate the intestinal epithelium apoptosis. Table 6 . Effects of oral magnolol and honokiol administration on the average optical density of ileal epithelium in ETEC-induced diarrhea mice (TUNEL assay, n=5).
* AID -average optical density; ** In a row, the mean values with different letters (a-b) differ significantly (P<0.05). NC -normal control; MC -diarrhea model control; PC -positive drug control; M -magnolol administration at the doses of 100, 300, and 500 mg/kg BW; H -Honokiol administration at the doses of 100, 300, and 500 mg/kg BW; # Standard error of least squares means. 
